Statement: Loss of JNK signaling reduces growth cone branching frequency, limits 17 interstitial side branch duration, alters rate and amplitude of nucleokinesis, and mislocalizes 18 centrosomes and primary cilia in migrating cortical interneurons.
INTRODUCTION 68
During embryonic development, cortical interneurons are born in the medial and caudal 69 ganglionic eminences (MGE and CGE) of the ventral forebrain and then migrate long distances 70 to reach the place of their terminal differentiation in the overlying cerebral cortex (Miyoshi et al., 71 1), but SP600125-treated cells failed to progress through the frame and appeared to move 134 slower ( Fig. 1C ; Movie 2). To assess potential differences in their migratory dynamics, we 135 tracked individual cells in order to evaluate how JNK inhibition affects interneuron migration on a 136 single cell level (representative cell tracks in Fig. 1B, C) . The migratory speeds of JNK-inhibited 137
interneurons were significantly slower than controls, including the maximum (values = 138 mean±s.e.m.; control:132.28±4.25µm/hour; SP600125: 78.02±1.69µm/hour; p=1.68x10 -10 ), 139 mean (control: 54.62±2.54µm/hour; SP600125: 26.48±0.94µm/hour; p=1.68x10 -9 ), and minimum 140 (control: 6.64±0.91µm/hour; SP600125: 1.96±0.21µm/hour; p=7.17x10 -5 ) migratory speeds ( Fig.  141   1D) . While JNK-inhibited interneurons migrated slower, speed variation, which is the ratio of 142 track standard deviation to track mean speed was significantly increased in SP600125-treated 143 conditions (control: 0.62±0.02; SP600125 0.76± -0.02; p=0.00019; Fig. 1E ). Due to the decrease 144 in migratory speed, the normalized migratory displacement of SP600125-treated interneurons 145
was also significantly reduced compared to control interneurons (control: 156.93±10.37µm; 146 SP600125: 75.76±4.04 µm; p=4.73x10 -7 ; Fig. 1F ). Despite these changes in overall migratory 147 dynamics, JNK-inhibited interneurons displayed no change in their migratory straightness 148 (control: 0.71±0.03; SP600125: 0.68±0.02; p=0.45; Fig. 1G ). Collectively, these data suggest 149 that JNK inhibition alters the migratory behavior of MGE interneurons by reducing their 150 migratory speed and the overall displacement of their migratory trajectories. 151
JNK signaling regulates branching dynamics of migrating MGE interneurons 152
Migrating cortical interneurons repeatedly extend and retract leading process branches to sense 153 extracellular guidance cues and establish a forward direction of movement (Bellion et al., 2005;  37.40±2.47µm; SP600125: 37.81±2.72µm; p=0.912) of leading processes of SP600125-treated 6 behavior of leading processes, significant differences were found between interneurons in 165 control and SP600125-treated conditions ( Fig. 2 ; Movies 3-4). In control conditions, migrating 166 MGE interneurons show frequent initiation of new branches from growth cone splitting at the tip 167 of their leading processes ( Fig. 2A ; Movie 3, Clip 1). In JNK-inhibited conditions, interneurons 168 still underwent growth cone splitting, but the frequency appeared to be reduced ( Fig. 2B ; Movie 169 4, Clip1). When we measured the rate of growth cone splitting, JNK-inhibited interneurons had a 170 statistically significant reduction compared to controls (control: 1.83±0.19 splits/hour; SP600125 171 1.15±0.20 splits/hour; p=0.02; Fig. 2D ). In addition to branching from their growth cones, MGE 172 interneurons extend and retract interstitial side branches from their leading processes. To Here, we found that initiation of branching from growth cone splitting was significantly reduced 182 during JNK inhibition. JNK-inhibited interneurons also formed side branches at similar rates, but 183 these branches were shorter-lived than controls. Our data indicate that JNK influences 184 branching dynamics of migratory MGE interneurons by regulating the rate of growth cone 185 splitting, and by promoting the stability of newly formed side branches. 186
Acute loss of JNK signaling impairs nucleokinesis and cytoplasmic swelling dynamics of 187 migrating MGE interneurons 188
Since pharmacological inhibition of JNK signaling disrupted the overall migratory properties and 189 leading process branching dynamics of MGE interneurons, we further examined the role for JNK 190 in nucleokinesis, an obligate cell biological process in neuronal migration (Bellion et al., 2005; 191 Yanagida et al., 2012). To closely examine the movement of interneuron cell bodies during 192 migration, we imaged cultures at higher spatial and temporal resolution and analyzed the effect Since nucleokinesis is cyclical, with the cell extending a swelling, translocating its cell body, 204 then pausing before repeating the process, we measured the rate of nucleokinesis in control 205 and JNK-inhibited conditions. Upon treatment with SP600125, interneurons completed 206 significantly fewer translocation events per hour (control: 2.50±0.06 events/hour; SP600125: 207 1.73±0.06 events/hour; p=1.92x10 -8 ; Fig. 3D ). Along with this, interneurons in JNK-inhibited 208 cultures displayed longer pauses between the initiation of nucleokinesis events (control: 209 31.21±1.05min; SP600125: 40.71±0.58min; p=1.45x10 -7 ; Fig. 3E ). Because nuclear 210 translocation is preceded by swelling extension, we measured the average distance from the 211 soma to the swelling before translocation and found that SP600125-treated interneurons did not 212 extend cytoplasmic swellings as far as controls (control: 13.13±0.38µm; SP600125: 213 11.34±0.30µm; p=0.002; Fig. 3F ). Since JNK-inhibited interneurons paused for longer periods of 214 time, we asked if this was strictly due to delayed nuclear propulsion towards the swelling, or if 215 the dynamics of swelling extension were also affected. Interneurons treated with SP600125 216 displayed significantly longer lasting cytoplasmic swellings (control: 11.27±0.99min; SP600125: 217 18.31±1.33min; p=0.0005; Fig. 3G ), indicating that swelling duration is concomitantly increased 218 with pause duration. Finally, the frequency and amplitude of nuclear translocations that exceed 219 a minimum distance of 5 microns was notably reduced when individual control and JNK-220 inhibited cells were compared ( Fig. 3H) . 221
Together, these data point to a role for JNK signaling in regulating the distance and kinetics of 222 nucleokinesis in migrating MGE interneurons, which likely contributes to the decrease in 223 migratory speed and displacement that occurs during JNK inhibition. 224 225 226
Complete genetic loss of JNK impairs nucleokinesis and leading process branching of 227 migrating MGE interneurons in vitro 228
Since acute pharmacological inhibition of JNK activity altered the dynamic behavior of migratory 229 cortical interneurons, we next asked whether genetic removal of JNK function from MGE 230 interneurons also impaired their migration. In order to genetically ablate all three JNK genes 231 from interneurons, we used mice containing the Dlx5/6-CIE transgene to conditionally remove 232 Figure 4E ). We also found 240 that cTKO interneurons have shorter migratory displacements than WT interneurons (WT: 241 195.06±6.80 µm; cTKO: 165.99±12.49 µm; p=0.05; Fig. 4F ). Additionally, the track straightness 242 of cTKO interneurons was decreased (WT: 0.77±0.02; cTKO: 0.71±0.02; p=0.03; Figure 4G ). 243
The combination of increased speed variability and decreased migratory straightness explain 244 why cTKO interneurons exhibited shorter migratory displacements. Together, these data 245 indicate that cTKO interneurons have subtle yet statistically significant deficits in their overall 246 migratory dynamics, similar to pharmacological inhibition of JNK . 247
To determine the genetic requirement for JNK signaling in branching, we analyzed leading 248 process branching dynamics of cTKO and WT interneurons (Movies 6-7). cTKO interneurons 249 displayed a significant reduction in the frequency of growth cone splitting compared to WT 250 interneurons (WT: 1.92±0.18 splits/hour; cTKO: 1.30±0.11 splits/hour; p=0.04; Fig. 4H ; Movie 6-251 7, Clip 1). In addition, genetic removal of JNK signaling from interneurons resulted in no change 252 in side branch initiation (WT: 1.43±0.15; cTKO:1.32±0.20 branches/hour; p=0.66; Fig. 4I ), but 253 significant decreases in the duration that side branches persisted (WT: 25.51±3.39min; 254 cTKO:17.29±1.71min; p=0.05; Fig. 4J ; Movie 6-7, Clip 2). These data corroborate the findings 255 from our pharmacological analyses and further suggest a key role for JNK signaling in 256 controlling leading process branching dynamics.
Since we found alterations to overall migratory properties and branching dynamics, we next 258 analyzed migrating cTKO interneurons for defects in nucleokinesis. Although cTKO interneurons 259 engaged in nucleokinesis, the kinetics of nucleokinesis were significantly altered compared to 260 WT interneurons (Fig. 5 ). The average distance cTKO cells traveled forward during 261 nucleokinesis was significantly shorter compared to that of the WT cells (WT: 15.08±0.28µm; 
Subcellular localization and dynamic behavior of the centrosome and primary cilia in 282 migrating MGE interneurons depend on intact JNK-signaling 283
The cytoplasmic swelling emerges from the cell body during nucleokinesis and contains multiple 284 ). When we measured the average maximal distance that the centrosome was displaced 309 from the somal front, the centrosome of JNK-inhibited interneurons maintained a significantly 310 closer position to the leading pole of the soma compared to controls (control: 9.93±0.99µm; 311 SP600125: 6.73±0.88µm; p=0.03; Fig. 6F ). This was not surprising since the soma-to-swelling 312 distance in JNK-inhibited interneurons was decreased ( Fig. 3E ). However, when we compared 313 the average maximal rearward distance between the centrosome and somal front, the 314 centrosome of JNK-inhibited interneurons was significantly further behind that of 315 controls(control: 9.40±0.77µm; SP600125: 19.75±1.94µm; p=1.48x10 -5 ; Fig. 6F ). 316
Since we found defects in centrosome dynamics, we wanted to determine whether primary cilia, 317 which normally extend from the mother centriole and house receptors important for the guided 318 While the exact mechanisms that cortical interneurons utilize to navigate their environment 473 remain to be fully elucidated, we have found that JNK signaling exerts fine-tune control over cell 474 biological processes required for proper interneuron migration. 475
Conclusions 476
Using a combination of pharmacological and genetic approaches, we found a novel requirement 477 for JNK signaling in MGE interneuron leading process branching and nucleokinesis. Our 478 findings are also the first to implicate the JNK signaling pathway as a key intracellular regulator 479 of the dynamic positioning of multiple subcellular organelles involved in interneuron migration. 480
The exact molecular mechanisms controlling JNK signaling in interneuron migration remain to signaling will provide further insight into the role of JNK signaling in cortical development and 483 disease. 484
MATERIALS AND METHODS 485
Animals 486 Apparatus Inc #45-0123) containing a droplet of cHBSS was lowered to the tissue, and 522 electroporated (5 x 60mV/5ms pulse length/200ms interval pulses). Electroporated MGE 523 explants were then dissected, plated as above, and grown for 48 hours before imaging. 524
Live Imaging Experiments 525
Cultures were treated with pre-warmed 37 o C serum-free media containing a 1:1000 dilution of 526 The minimum criteria for an interstitial side branch to be included in our analysis was as follows: 549 the cell had to remain in frame for a minimum of 3 hours, an interstitial side branch had to 550 persist for a minimum of 10 minutes, and the branch could not become the new leading 551 process. Two-tailed unpaired Student's t tests were used to determine statistical differences 552 between groups. 553
For electroporation experiments, cultures were imaged at 40X and cells were selected for 554 centrosome and cilia analyses under the following criteria: the cell remained in frame for a 555 minimum of 1 hour, the cell displayed low to moderate expression levels of the construct 556 (without additional expression of aggregated fluorescent protein), and the cell was discernable 557 from surrounding cells. Centrosome and ciliary distance from the front of the cell body, and 558 localization were manually tracked and recorded using Imaris software. Two-way Anova 559 followed by Fisher's LSD post-hoc analyses were performed to determine statistical differences 560 for organelle distribution analyses (Prism Version 8 using GraphPad Software; San Diego, CA, 561 USA). Statistical significances were determined by χ 2 test for the presence of absence of 562 organelles to a formed swelling over time (Prism Version 8 using GraphPad Software; San 563 Diego, CA, USA). Two-tailed unpaired Student's t tests were used to determine statistical 564 differences between groups for distance measurements. Confocal micrographs were uniformly 565 adjusted for levels, brightness, and contrast in Imaris for movie preparation, and Adobe 566
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